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ØŖöŮʆ CO2 ʉ»ͼÐ×ŮńD̄ɚͩƿD~ĳαϒǭ!0ƈǻ«ǰʎ̴
ǡțèǩ CO2 ʎĈĹ=àVČ!ĹʸŰ$˳ʫ、ǔńȰwʎƃú3ɬ˻ń CO2
ʉ»×Ů»ȃɿ）αϒ$ʎ̸͂Ʈ¨?ń×Ů»Ǖɺ2ΆƸƕÕʹĹƕ）ǡϊʎ
;!ȧØŖ3ĄȦʟʺɿ̴ CO2 ʉ»×ŮȃɿàVŤ¶ƟX4µčǓÿ»ª˪Ȍ
ö]»×ŮȉY3ɼĎʉ»ĵ̨ϊĚżƵǷ͏7EC-SERS8ǭ!ʲϜ̨ϊɣǖŰöϜ
̄ΜͰɺʎÐfİƽµ͏ƭȂψť΄çʆȊȝɌʉ»ĵ×Ů1ʉį̑ϊïθÓ
D×Ůʎɴʲ΂ͦ×ŮɊƕ1βiʎͩ»͸ʸ）ĄȦ΄Dʟʺ CO2 ʉ»×Ůȃ
ɿ3 
ȁ̾ǚřklʆǻϜ SERS Ɋƕʎ Au@Pt ȘĞ˪Ȍˡˎˑİ˥̫ʎ Pt řkʉȋ
ʟʺ? Pt ʉȋìþʉ» CO2 ʉͼÐ×Ůʎȃɿ3x°D Au Șˡˎˑİ《nʎ
SERS ĚżǕŮƟX̛Ɗ? Pt ʉį̑ϊìþÕǠɴʲa-ìþĕʎƽµ͏tƘŪ΋
͸ȍʖ͏ŘʎżŰ2ϑɺ-ʉȋʉ¸˕̛Ɗ?ìþ2a-ìþĕ2̨ ϊȳÐİöȸ
İïθʎʋϊ˪ȌȢĒ3;!ȧčƟXńȬ?΋ CO2 «ê Pt ʉį̑ϊĚżƵǷ
͏ʎÛ»ČCO2ʉͼÐȉY%ȝɌ§?̨ϊżïθͼÐKɴCO3΋͸èf：Ȕ̼2
͏Ř-ʉ¸˕ȍ）̀Ǫ? CO 3 CO2 ʎͼÐKɴǻń Pt ʉį̑ϊfɤʎȫ»
kʆηʨ?ɛɓ1 CO2 ʎͼÐ3ƟXͼØɼïθìþDa-ìþĕD CO ĳČʖE¨
˝ʎ˕Ê CO ηʨ?ìþöa-ìþĕʎïθ˻ìþöa-ìþĕ=l CO ʎʅƞD
ïθʉ¸Ƕ͔3ĕDͽH˪̾öȍƟXńǚɹƳΏʎìþ» CO2 ͼÐ×Ůȃɿ;
̤?ȍ̹̾Ūˬ?ƟXD×Ůȃɿʎ£ȧǇɌ3 
 
έ̈́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Abstract 
Photo/electrocatalytic reduction of CO2 has been considered as a promising approach to 
solve the problem of energy conversion and storage, and to deal with the increasing carbon 
emissions, which put a huge burden on earth. Due to the limited understanding of the 
mechanism of CO2 reduction reaction (CO2RR), further developments on the the catalytic 
efficiency, selectivity, and stability have been hindered. Thus, a deeper understanding on the 
mechanism of CO2RR may greatly help us to optimize the catalysts and reaction conditions. 
Electrochemical surface-enhanced Raman spectroscopy (EC-SERS), an in-situ 
surface/interface molecular-vibrational spectroscopic technique endowed with the ultra-high 
surface sensitivity and energy resolution, is capable to detect the adsorbed and reactive 
molecules in the region of the electrode-electrolyte interface, and to trace and analyze the active 
reaction intermediates, thus is essential to investigate the mechanism of CO2RR process. 
In this thesis, Au@Pt nanoparticle-assembled working electrode with a high SERS 
activity was applied to study the mechanism of Pt/pyridine catalytic CO2RR process. 
Borrowing the strong SERS enhancement from the plasmonic Au core, we acquired rich 
spectroscopic information for the pyridine and a-pyridyl species, which is a newly discovered 
adsorbate on the Pt surface in electrochemical environments. Through detailed analyzing of 
the potential-dependent intensity and the frequency of correlative peaks, we constructed a 
model which reveals the co-adsorption behavior of pyridine, a-pyridyl, hydrogen atoms and 
water molecules in the interface of the Pt electrode-pyridine containing solution. By comparing 
the Raman spectrum in the Ar deaearated with that in the CO2 saturated solution, strongly 
adsorbed CO at the Pt surface was detected. The isotope experiment confirmed that the 
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adsorbed CO, derived from CO2RR, could not be further reduced and is a blocker of the 
reaction site for CO2 reduction. In addition to this, we observed the mutual relationship between 
pyridine, a-pyridyl and CO, that is, CO hampered the adsorption of pyridine and a-pyridyl, 
meanwhile the adsorption of pyridine and a-pyridyl delayed the generation and adsorption 
potential of CO. Based on all of these results, the mechanisms of pyridine catalytic reduction 
of CO2 electroreduction reported in literature were discussed and our conclusions were given. 
 
Key Words: CO2 Electroredcution Reaction; Pyridine; Pt; Surface Enhanced Raman Spectrum  
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1.1 CO2">` 
1.1.1 CO2">`G 
Cȴ»ʫ7CO28ǭʻȰ1̉ɬĳČʎ!ʲ»çɴČčɾ̉ɬɞÛʎ͸ʸ1ǻC
àǸUkʆ3CO2 ö CH4 k3əļȰiïǒčɾëĢͮňʎΒίɅʎ˛Ģˤͮň˻
lčɾʎəŰÀϜ˱ƺčɾ̨ϊəŰŪ《nʹĹʎʅɴʅĳɻę3ȿǻəļȰič
ɾəŰ^ȬɼČ· 30 ǌȮŰčɾŉC΄çMˏʅĳ3CO2 =ǭʅɴċʫƋɻʎΛ̭
ͬiȟɴ΋͸çkʆŉ CO2 ͩÛ3ǻȃİħδ̩̄~ĳČͽʲ̄Μ͗Ş01
ČʅɴUβɋ΋čɾĄȦƤɼ?ĬȦʅȃ¹¹ʎʊϊ 
ĥȰ CO2 ɎŰČMˏØŖÍá1ʖžίʎ!ȩǩβ˱ƺʙʖńʹĹʎȸŨ3̉
¿*˟1ãř,ϋõVȊč̨ CO2 îΜR 280 ppm $À̊? 400 ppmCH4 R 700 
ppb Ě³̊? 1720 ppb3ͽHĚί4̭ɚDMˏʯ^ØŖʎɊµĬ»ʝɯǛʎɯɧ
˼kϊʴʎĚ³΍ƞʎȎǾŋ）3DȦèǩ1906 ũ̊ 2005 ũɾĥȰŕəŰŨ
ďəŰ$À? 0.74 ǌȮŰɾȰəʎÛ»lɐŨϊ2κȸΜØʅæʲƀŶʎÛ»
rlȋ˂ȰwBYØʅǶ³ϑ˚3ͽHCOńˬʯ^ŢȊ?śĥʎ˩ɍƾĨ=ˬMˏ
ʅĳ΍ƞ?śĥʎį́3ɾȰwÛǳʎƞĄġȄʔ«ŎǤʦʎĹ̾əļȰiî
ΜʎƔ­$Àƈĥà̄DȰə$Àǻʕǅ˾3ĄȦ*ʋæĉΓČŋ CO2 ÕTə
ļȰi、ǔ$Γ{?śĥʎ·°Ĭ 1997 ũČǦȁLΓʎ˾çĉȰwÛ»ŮÛ1Ǝ
，̷ʎ4LΓÃĹ>53 
μ?̏̄、Vŋʫ、ǔƟXͼàV΋͸ĈĹ CO2 Ȋ4µκ· CO2 îΜ3CO2
àVVɴɿïθƠ»ĵ×ŮƣȩǒρƠ³V¥ʆ3ǹĒʎ̉ɬȢĒőǭȟɴʎçk
ʆȟɴĈĹ CO2 ŪVħδ3ϙµ°lͩÛ3ͼÐƕǻȃɴ3ˏ dčƟX=àV
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 2 
ΘÙ»ĵƣȩĬɨ»278ʉ»）ŉ CO2 ͼÐ3ǻȃɴ3ͽCOàVČ!Ĺ
ʸŰ$κ·ʫ、ǔJàVk3ǿȊʯ^̄ϜǕͩ»2ʉ̄~ĳʎΛ̭ƣȩU!3CO2
ʎ4̭ͼÐKɴ3!ȴ»ʫ7CO82ʈɪ7CH482ʈΗ7CH3OH82<ɩ7C2H48）
ͽHKɴμ?àVʕǅk3ɯǛVĢͼǻūɃʎʆΊCH3OH ͼàVk3ʕǅʈΗ
ɯǛʉȼ7DMFC8ʎÐǛ˻ɩɥŊİǭǹĕȁʎ»řÐǛàʆD;!ȧʅKϜ
˞»řø3à̯ØŖϜǕɺʎ CO2 »ͼÐ×ŮńǓÿMˏʯ^ʅĳɻę2̴ ̄ɚ
ÉȃǻΛ̭ʎƛ73 
1.1.2 CO2">`cf\Y 
ʉ»ĵͼÐ CO2 k3!ʲ4̭ʎ CO2 ͼÐǡŶD 1870 ũ̩ Royer ϗȤƳΏ[1]3
ǹͺC¿ũνʙĉιʯ^ń̄ɚ2ɻęαϒʎǦʏΛ̲VÕˡˎȇǛ»ĵʎͷΌØŖ
ĥΜʎ CO2 ʉ»ͼÐƳΏɼŪƞ3ʔ«ʎǹɨΰʎʟʺ͌ϒU!3eǭʖńDè
ȗɨΰʎȍȳ×Ů7HER8CO2 ʉ»ͼÐ×Ůǭ!0ψťġȄʎʟʺi˕3CO2 ͼ
ÐʎKɴ\ģ2×ŮȃɿġȄ2ÚƃúʎĄ：\ģ3ť̯ʎ CO2 ͼÐKɴÕͼÐʉ¸
Į̆ 1.1-1 
 
̨ 1.1-1 Β CO2 ͼÐ×ŮʎȔʉ¸7ȸɛɓ18 
Á×Ů ʉȋʉ¸ (V vs. SHE) !"# $ + 2'( + 2)* = '!""'(-) -0.250 !"# $ + 2'( + 2)* = !" $ + '#"(-) -0.106 !"# $ + 4'( + 4)* = !'#"(-) + '#"(-) -0.070 !"# $ + 6'( + 6)* = !'1"'(-) + '#"(-) 0.016 !"# $ + 8'( + 8)* = !'3 $ + 2'#" -  0.169 2!"# $ + 12'( + 12)* = !'#!'# $ + 4'#" -  0.064 2!"# $ + 12'( + 12)* = !'1!'#"' - + 3'#" -  0.084 
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 3 
%ϊ˪çǹǠʎǚɹƳΏő CO2 ʉ»ͼÐ×ŮʎʉȋȇǛ2ʉ̴͘Õ»
ª2pH y）Ą：;̤ˉÄʎQ˨3 
ʉȋȇǛ3CO2 ʉ»ĵͼÐťʆΝŗ2ΝŗçΝ2Νŗȴ»ɴ2î͸ɘΝŗÐİ
İ»ª2VÕǹͺɼʎǠĒC˱ȇǛ7ʝěɩʥ»Τ8）k3ʉȋʎȇǛ3 
1994 ũHori ）ńĥΒ͸ɘΝŗʎ CO2 ʉ»ͼÐɵƕ;̤?ūɃʎʟʺØ
ɼ Cu ǭ—!àVʕǅɕŰͼÐ CO2 § CH42C2H42EtOH2PrOH ）ʎ͸ɘΝŗPb2
Hg2Tl2In2Sn2Cd2Bi ）ΝŗʉȋͼÐKɴ4̭3 HCOO-˻ Au2Ag2Zn2Pd2
Ga ）ʎ4̭ͼÐKɴ3 CO[2]3̢ ɬ Cu ǻψťīʎɕŰͼÐɵƕeǭΆƸƕ͸·2
lʆŇõCίλ¨?Ķʎ;!ȧŮʆ3ĄȦńΝŗʉȋ;̨̤ϊ˪Ȍ;̤Ǔ΍öuϔ2
ˡˎ»2çΝ»VǽǼ̛ƊΆƸƕƠ×ŮȉYʎǓÿƞ3?ʟʺMñʎ4̭·°ǡë3 
2014 ũMattew W. Kanna ͌ϒ˥ń Cu ʉį̑ϊ;̤?ɵȨğɿ7ȴ»ͼÐ8
êØɼ͆ȇǛ̄Čͭ·ʎʉ¸ȉY7-0.25 V ~ -0.5 V vs. RHE8%ͼÐ CO §<Η2ʈ
ΖÕTΗˏ)ɂƵǕɺϜʹ 57%6˻_ˮʎ Cu ˡˎˑİʉȋČʖèȉY%ʎȍȳ
×ŮʎɂƵǕɺőŝ˩Ϝʹ 96%?3TX̸3ͽʲȴ»ͼÐʎğɿl Cu ̨ϊΒ»
fɤʎȁƅ»ƕ͘Øʅ?ǓÛ[3]3˻ČͽU«TX=Øɼń Au ˡˎʉȋȴ»ͼÐ
ğɿǻˏdƕ̄《Ϝʎɼ͐[4]3Peidong Yang ͌ϒ˥Čʟʺ Au-Cu çΝˡˎˑİʎ CO2
»ͼÐ×ŮʎɊƕǩØɼǓÛ.ʲΝŗʎȬmàV͍̏KɴʎɂƵ（Ǖɺ3TX̸
3ͽʲÖΝŗȬmʎÛ»COǓÛ?ˡˎˑİʎʉİ˪ȌͼŢȊ?˪Ȍ$ʎÃè»
ǕŮͽ.ʲĄ：è͍¨? CO2 ͼÐ»×Ů[5]3Pecep Kas ）¡¨Ġ?!ʲʻʎ
˜˱ɶΨʉȋͽʲ˪Ȍ《n?śĥʎȰ-Ĉ-ɓ#ʖ×Ůʋϊϊʴ=lʉȋʎ»ƕ
̄Ɗ§?ƈĥʎ《À[6]3Shan Gao ）ƳΏ?!ʲßǻĂŕΣÐİʎʉ»ªͽʲ»
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 4 
ªǻ͞Ϝʎȁƅ»Ɋƕ˻ Βȴ»ʎΣÐİŕ;!ȧ《Ϝ?»ªʎ»Ɋƕl
ʉɋŀŰàVʹ§ 10 mA/cm2 )ńʈΖʎɂƵ（Ǖɺʹ 90%[7]3 
İ»ªǡϊCyrille Costentin ）Øɼ?!ʲuϔʎΦÆýİ»ªǻƈī
ʎ CO2 ͼÐ§ CO ǕɺČͭ·ʎ͞ʉ¸70.465 V8ȉY%ɂƵ（Ǖɺ͞͸ 90%)
TOF Ϝʹ 40000 s-1[8]3Raja Angamuthu ）=Øɼ?ÖȘΨİ»ªČ·ʉ¸%7-0.03 
V vs. NHE8Êàŉ CO2 ͼÐ§̖Ζʐ[9]3 
C˱ȇǛk3Ǡʎʉ»ȇǛ!ɼqŖɼ?śĥʎØŖɟ°32014 ũ
Mohanmmad Asadi ）¨Ġʎʥ»Τ7MoS28ń CO2 ʉ»ͼÐǻ͞ϜʎʉɋŀŰ765 
mA/cm28ö·͞ʉ¸754 mV8CO ʎɂƵ（Ǖɺ=Ϝʹ 98%[10]32016 ũTXȤ
Øɼˡˎɱɶʎ͸ɘΝŗʥ»ɴ7TMDC8Č CO2 ʉ»ͼÐΓǻǻȋϜʎǕɺ3Č-
0.764 V vs. RHE ʉ¸ȉY%ʢ»΢7WSe28ˡˎɱͼÐ CO2 ʎʉɋŀŰʹ§? 330 
mA/cm26ͽǭʔ«ƳΏʎ CO2 ʉ»ͼÐʎǹϜʉɋŀŰC˱ȇǛ TMDC ʿČ?
CO2 ʉ»ͼÐʎǹ«Ɂ[11]6 
ʉ̴͘Õ»ª3μ?ǓÛεȋȇǛʎ»kʆʉ̴×Ůʎɻęń×Ůʎƃú
=CàƑ̲ʄ̊àV³V¥ʆ3 
Meenesh R. Singh ）Øɼʉ̴͘1δʰİʎȸ̴kʆǻ¥D Ag ö Cu ʉȋʎʉ
»ͼÐ CO23δʰİʎÁƆĚ³pKa yǶ·ȸ̴×ŮĚż3ʉȋθͺʎȸçδʰİ
k3˳ª̄ΐʉͼÐ͸ʸ1Čεį̑ϊʎ pH ͸·《Ϝθͺ CO2 ʎɎŰR˻《Ϝ
ͼÐǕɺ[12]3Min Liu ）èȗØɼ΋͸ǓÛʉį̑ϊ˪ȌàVǓÛʉȋθͺʎδʰ
İɎŰR˻ƃú CO2 ʎͼÐǕɺ3ΝˡˎΟʉȋʇDϜ̨ϊǵɺʉį̑ϊʎʉĎ
żŰĚ³l̨ϊʎδʰİïθĚ³̨ ϊ CO2 ʎɎŰÀϜl CO2 ͼÐǕɺ《ϜČ-0.35 
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